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ABSTRACT
This project examines the choreography of high speed turns performed by Danio
aequipinnatus, giant danio, with the goal of understanding the motions that allow this
species to perform its highly efficient maneuvering. Observations of the turns were made
using high-speed video to determine general characteristics which may then be applied to
biomimetic propulsion systems in the future. Additionally, qualitative fluorescent dye
visualizations were conducted using a single flap of a flapping foil in order to gain a first
order understanding of the vortex formation in a simple biomimetic device.
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Chapter 1
Introduction
Underwater vehicles have become much more prevalent in the last twenty years with a
wide range of uses for oceanographic research, military applications, and the exploration
of underwater mineral deposits. Many recent advances in underwater vehicles have
resulted from the study of biomimetics (e.g. Triantafyllou and Triantafyllou, 1995; Fish,
et al., 2003; Triantafyllou, et al., 2000;). Biomimetics is the use of science and
engineering to emulate nature. In particular, engineers have studied the motions of fish,
turtles, penguins, and other undersea creatures in an attempt to understand the advantages
of underwater motion in nature. By replicating the natural motions in a man-made device
it may be possible to capture the advantages of natural selection and apply it to
contemporary vehicles. This investigation encompassed a study of live fish through a
qualitative and quantitative analysis of Danio aequipinnatus, giant danio, with a focus on
understanding the choreography of their high-speed turns. Then, using a preexisting
system for studying flapping foil motions, a single flap of a hydrofoil was observed using
qualitative fluorescent dye images.
One of the main advantages that animals exhibit versus human-engineered devices is the
ability to turn rapidly, at high speed, and within a confined space. The turning radius for
fish ranges from 0.00 to 0.47L, where L is the body length. Penguins exhibit a turning
radius of 0.1 1-0.17L and sea lions at 0.09-0.16L. A tuna, which is optimized primarily
for high cruising speeds exhibits a higher minimum turning radius. Submarines typically
have turning radii of 2-3L and even small autonomous undersea vehicles (AUVs) exhibit
turning radii close to 3L. In addition to these small minimum turning radii, animals are
also capable of extremely rapid turns. Sea lions can turn at 690/s, with penguins at
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575.8°/s while fish can reach up to 73000/s. Alternatively, the experimental US Navy
submarine USS Albacore could only achieve a turning rate of 3.20/s.l
The study of vortices in fluid flow has traditionally focused on their drag-causing
characteristics with a more recent emphasis on vortex-induced vibrations. The traditional
vortex shedding, or classical von KArmAn street, is shown in Figure 1.
Figure 1: Classical von Kirmn street as shown in Techet (2005).
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Figure 2: The effect of the vortex wake behind a cylinder and the formation of a wake deficit
illustrated in Techet (2005).
In Figure 1, U is the inflow velocity of the fluid and d is the diameter of the cylinder. In
this scenario the vortices are produced in an alternating manner and the effect of the
vortices is shown in Figure 2.
Figure 2 further explores the effect of the vortex rings shown in Figure 1. The circulation
of the rings produces a deficit in the velocity profile of the fluid as it moves past the
cylinder. Through the study of fish kinematics (e.g. Lauder, 2000; Muller, et al., 2001;
X The performance numbers were presented by Fish, et al. (2003).
8
I I I
GL G 
I - I
Walker, 2004; Lauder and Drucker, 2004), it has been shown that fish are able to
manipulate the fluid to produce a reverse von KArmin street, shown in Figure 3.
Figure 3: Vortex wake produced through the undulations of the body and tail (caudal fin) of a fish in
steady-state, forward motion, as in Techet (2005).
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Figure 4: Reverse von Kirmin street and formation of a jet due to the vortex wake behind a moving
fish. (Techet, 2005)
Contrary to the classical von KArmin street, the reverse von Kirman street produces a jet
in the wake, shown in Figure 4. This jet produces a thrust force that propels the fish
forward through the fluid. It is possible to analyze the vortex qualitatively through high
speed video and fluorescent dye visualizations. Using digital particle image velocimetry
(DPIV) the vortices can be analyzed quantitatively to describe the energy, momentum,
circulation and force produced by the vortices.
Figures 3 and 4 show the vortices produced by a fish in steady, forward motion. The
vortices are shed in an alternating manner which causes the jet in the wake, in turn
causing the forward thrust. The well-organized wake pattern helps to increase the
efficiency of the fish's motions when compared to man-made propulsion systems.
However, as described previously, some of the major advantages held by fish are their
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ability to turn rapidly, at high speed and within a confined space. The research presented
here provides a basis of comparison between the choreography and kinematics of high-
speed turns, artificial models of fish motion, and digital particle image velocimetry.
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Chapter 2
Methodology
2.1 High Speed Video Acquisition
The first part of this study involved recording high-speed video images of giant danio as
they made fast-start turns in a confined space. An 8" x 10" x 16" fish tank was used as
the experimental area for the fish. It was filled with approximately 2" of water to provide
enough depth for the fish to move freely while maintaining a fairly constant distance
from the video camera, ensuring that the fish remained in focus. A stand was constructed
of pine wood 2x4's to support the fish tank and allow for mounting of the video camera,
as seen in Figure 5.
USB and
power cables
Figure 5: Setup used for high speed video acquisition.
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During video recordings, the top of the tank was covered with a white, translucent plastic
so that the light from a lamp placed above the tank would be more diffuse and allow the
fish to appear black against a white background. Additionally, an 8.5" x 11"
transparency was printed with a grid of lcm x cm boxes to provide for a scaling
calibration when making the recordings. This would help to account for any variations in
mounting the video camera. The video camera used during the experiments was an
Integrated Design Tools, Inc. XS-3. The IDT XS-3 provided a digital output through a
USB connection to one of the laboratory's PCs. The camera was used to record the fish
turns at 500 frames per second. After the recordings were saved, it was necessary to
analyze them using MATLAB. A description of the analytic methods follows.
2.2 High Speed Video Analysis Using MATLAB
Without the existence of a preexisting program to analyze the fish motions that were
recorded, a MATLAB script was created to perform the analysis. Through several
iterations, the code was improved to make it more user-friendly and to improve the
analytical methods. During initial recordings, the MATLAB image processing toolbox
was required to enhance the contrast between the fish and its background. However,
improving the background lighting and using the IDT XS-3 eliminated most of the need
for enhancing the images.
The code began by asking the user two questions: "Do you want to gather data from
images or data files?" and "Would you like to run the analysis?" The first question
concerned whether or not there was a preexisting data file from which it would have been
possible to perform the analysis. If there was no data file, then the user had to select the
use of images to create a data file. Running the analysis was a decision that could be
made by the user based upon the intent to only create the data files or to run through the
complete analysis.
Upon selecting to gather data from images the user was asked another array of questions
concerning the first filename, the number of frames in the sample, the desired spacing
between analyzed frames, the frame rate at which the images were recorded, and the
number of points wanted to define the curve. The last question about the number of
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points took trial and error to solve. In order to accurately represent the centerline of the
fish, enough points were needed to capture the curvature while avoiding the selection of
too many points so that the curve would be affected by human errors in clicking the
points. This was particularly important because the only valid method for reconstructing
the centerline trajectory curves for the fish involved the use of piecewise polynomials.
After attempting to use between three and ten points, it was decided that five points was
optimal in capturing the curvature of the body. For the other questions, the frames were
captured at 500 fps, and in general every other frame was selected for analysis so the
"spacing" was equal to two and the analysis could be conducted of frames spaced by
0.004 seconds. One convention used was that the first point selected would correspond to
the head of the fish and the fifth point was at the caudal peduncle, where the tail, or
caudal fin, meets the body. For simplicity, throughout the analysis, the point at the
caudal peduncle was referred to as the tail. The five selected points along the centerline
of the fish body were written to a data file along with the array of head and tail points. A
set of points at one-third of the body length was recorded and termed the center of mass.
A similar one-third point was used for tracking the center of mass by Domenici, et al.
(2004). This was an assumption based on the structure of the giant danio body, not a
precise measurement of the center of mass.
When running the analysis, there was an option to reconstruct the centerline trajectories.
This could be done once for each recorded turn, but the process of reconstructing the
trajectories was very time consuming so this step was optional and rarely used,
particularly while testing the analytical capabilities of the program. Next, the analysis
was performed. The data files were each recorded in the same format, with the first
column being the frame number, the second column the x-coordinate, and the third
column the y-coordinate. The frame numbers were converted to seconds by subtracting
the first frame number of the data set and then dividing by the recording speed in frames
per second. Due to inherent errors in clicking each set of five points by hand, an attempt
was made to correct the data using MATLAB's smooth function, which as a default
creates new values based upon a 5-point moving average. By using the smooth function
on the data twice, accurate depictions of the head and tail trajectories were created. This
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smoothed data was then used to generate speed and acceleration plots as well as plots of
the angle and turning rate for each part of the body.
Each of these analytical plots was calculated based on the relative motions of the fish
coordinates to the previous position. For example, when measuring the speed of the head
a numerical derivative was taken of the change in its x-position and y-position. Then,
these velocities were summed using the Pythagorean Theorem to determine the
magnitude of the speed of the head at that point. Similarly, the angle measurements
examined the changes in x and y positions relative to the current point, essentially setting
the current point as the origin when applying the arc tangent. Derivatives were taken of
the speed and angle data in order to create acceleration and turning rate graphs.
2.3 Fluorescent Dye Visualization
After analyzing the high speed video, the final aspect of the project involved a qualitative
fluorescent dye visualization of vortices formed by the single flap of a hydrofoil. Other
visualizations of foil motion using fluorescent dye were carried out by Krueger (2005)
and Read (2006). A mixture of Cole Parmer yellow/green fluorescent dye concentrate
and water soluble Elmer's glue was applied to a series of three rigid foils. The glue
enables the dye to adhere to the foil. The dye-glue mixture was applied evenly to each
foil and allowed to dry for at least an hour. Each foil had a distinct aspect ratio of 1.0,
2.0, and 3.0. Figure 6 shows the three foils used in the experiment.
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Figure 6: The three foils, from left to right, with aspect ratios 3.0, 2.0, and 1.0.
This method of painting the foils with the dye works much better than injecting the dye
into the flow for this type of experiment. In particular, when analyzing the single-flap
case, it is the best method of observing the formation of the vortex ring and makes the
ring appear distinctly against the dark background of the water. Further discussion of the
fluorescent dye visualization method used here can be found in Krueger (2005) and Read
(2006).
The apparatus for conducting the single flap tests is shown in Figure 7. The tank is 16" x
18" x 36". Pictured next to the tank is the power supply for the flapping mechanism.
Clamped at the bottom of the tank on the near and far sides are the 15 Watt fluorescent
blacklights used to illuminate the fluorescent dye. Also pictured at the near bottom-left
of the tank is the bilge pump used to empty the tank. The pump is removed from the tank
during experiments to avoid perturbations in the tank's water. Typically operated with a
motor and lead screw to propel the foil through the water, these components were
disabled in order to observe the vortices associated with the single flap. A computer
controlled the frequency of the flap, which was set to 0.3125 Hz. The maximum pitch
amplitude and phase shift between heave and pitch were controlled through hardware on
the carriage. Through all of the runs, the phase shift was maintained at 0° and the
maximum pitch angle at 200. The images of the vortices were taken using a Canon EOS
15
20D SLR camera. Since only one camera was available, the images taken from the
bottom (wingtip), broad side (planform), rear (trailing edge), and the isometric view were
taken separately but using the same parameters for the flap and the camera. The camera's
F-stop value for the aperture was set as low as possible, 5.6, to ensure that the camera
would be able to capture the fluorescent dye image. The shutter speed was set to 1/50 of
a second. While it was not possible to set the delay between images, the camera was
used in a rapid fire burst, with the only delay being the time required to write the image
to the camera's internal flash card. It can be assumed that the spacing between images
was fairly consistent enabling for a linkage between images taken from the different
viewing angles.
Figure 7: The tank used for the fluorescent dye visualizations.
After every run, the tank was emptied using the bilge pump to clear the water of the
fluorescent dye. The tank was then refilled and the water was allowed to settle for at
least ten minutes. During the time required to empty and refill the tank, the used foil was
recoated with the dye-glue mixture. After filling the tank, the room lights were turned off
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and the foil was mounted to the carriage. The camera began taking images before turning
on the carriage motor to ensure that no images were lost.
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Chapter 3
Results and Discussion
3.1 Turn Choreography
The description of the results which follow will be based on the same turn that was
analyzed using the MATLAB program. The analysis is the same for each turn that was
observed. For graphs and results from the other turns, see Appendix A. First, the graph
of the centerline trajectories was reconstructed and is shown in Figure 8. The angle
covered by the turn is 150°.
Body Cetsrlm Trjlode.s
-250
-300
a
X' -.350
-400
-450
X Position, pixels
Figure 8: Body centerline trajectories for Turn 1.
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The circles represent the locations of the head during the turn and the "x" marks the
locations of the tail, defined as the caudal peduncle. The asterisks are located at the one-
third point which was used as the center of mass. It is notable that this position on the
body tracks the inner curve of the turn. The paths of the head, tail, and center of mass are
shown more clearly in Figure 9. The start and finish locations mark the location of each
part of the body at the beginning and end of the turning maneuver.
Locations from Smoothed Data
-0.09
-0.1
-0.11
E -0.12
i -0.13
-0.14
-0.15
-0.16
-0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
X Position (m)
Figure 9: Trajectories of the head, tail, and center of mass.
Figure 10 shows the graph of the magnitude of the speed at each point during the turn for
the head, tail, and center of mass. The locations for the head were very easy to pick on
the video images because it is very distinct. However, the tail locations were much more
difficult to find systematically. By picking the caudal peduncle, where the caudal fin
meets the main body, rather than parts of the caudal fin itself, it became easier, since the
caudal fin's motions are very complex. However, due to the sometimes translucent and
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sometimes opaque nature of the caudal fin, the peduncle's visibility changed with each
frame. Perhaps due to the consistency of picking the head locations, the speed of the
head tracks a nearly Gaussian curve, reaching a maximum of 0.39 m/s. The tail, perhaps
due to the inaccuracies in locating the peduncle and more importantly the very complex
motions of the caudal fin, has a more erratic speed profile during the turning maneuver.
In particular, the peduncle was difficult to select because the motions of the caudal fin
would occasionally obscure the peduncle, making it difficult to locate precisely. The tail
reaches a maximum of 0.40 m/s in the latter part of the turn. The center of mass tracks a
fairly consistent speed, oscillating around its average value of 0.16 m/s. One explanation
for it maintaining the same speed is that as shown in Figure 8, the center of mass at the
one-third point along the body, tracks almost exactly along the inner part of the turn,
essentially serving as a pivot point for the rest of the body. As a result, it experiences less
motion than the head or tail. It is also interesting to note that all three speed profiles
begin and then converge to the center of mass speed.
Sped
0.45
0.4
0.35
0.3
1 0.25
0.2
0.15
0.1
0.05
0
15
Tkm (s)
Figure 10: Magnitude of the velocity, speed, as calculated for each major body location for each
analyzed frame of the turn.
20
A graph of the accelerations follows in Figure 11. The curves for the tail and center of
mass accelerations probably do not accurately reflect their motions and are due to the
perturbations in the locations selected as the caudal peduncle. While the center of mass
speed fits a more expected profile, even the smaller absolute variations in its speed lead
to large relative changes which are captured in the acceleration graph
Head, Tel, and Cm Accelaion vs Time
I
9
I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Tlme (s)
Figure 11: Accelerations of the head, tail, and center of mass during the turn.
Despite the noise and irregularities observed in the speed and acceleration data, the angle
calculations and turning rate graphs are very consistent and show distinctive patterns.
The angle plots are shown in Figure 12. These plots represent the fit of a fourth-order
polynomial to the raw data. The polynomial fit the data points very well, so a smoothing
function was not used. To see the fit of the polynomial curve relative to the raw data
points, see Appendix A. 1.
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Head, Tail and Cm Angle Data
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Figure 12: Angle data for the head, tail, and center of mass.
From the polynomial for the angle data, the derivative was taken in order to explore the
turning rate of the fish. Similar studies have analyzed the turning rate in different species
of fish during predator-prey interactions and in fast-starts, such as Domenici, et al. (2004)
and Domenici and Blake (1991, 1993, 1997). Figure 13 shows the results for the turning
rate based upon the angle data presented in Figure 12.
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Head, Tail and Cm Turning Rate vs Time
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Figure 13: Plots of turning rate formed by taking the derivative of the angle graphs.
Domenici, et al. (2004) defines the different stages of the turn based upon when the graph
of the turning rate crosses the 0°/s axis. Their work only focused on the angle formed by
the anterior midline, which they formed by using a line from the center of mass through
the head. Theoretically this matches closely with the head turning rates presented here.
The graph from Domenici is shown in Figure 14. Using his definition for the stages of
the turn, Domenici's work shows a Stage 1 duration of 0.12s and a Stage 2 duration of
0.13s. In the Turn 1 data presented here, Stage 1 lasts 0.24s and Stage 2 lasts 0.13s. The
only major difference is associated with the sign of the turning rate since Domenici
declares his Stage 1 turning rate to be positive. Also, while analyzing the choreography
of the turn, it was observed in the video that the motions of the tail began prior to any
motions of the head, which is expected since the tail provides the propulsion. This is
most visible in Figure 10, which shows the speed of the head, tail, and center of mass.
However, it is not observed in the angle and turning rate data.
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The work done here in plotting the trajectories of the body, the speed, acceleration, angle,
and turning rate profiles will be combined with DPIV results in future work to form a
more detailed understanding of how fish manipulate fluid flows to produce vortex jets.
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Figure 14: Turning rate graph from Domenici, et al. (2004). The data were gathered through
observations of spiny dogfish, Squalus acanthias
3.2 Fluorescent Dye Visualization
As stated in Chapter 2, the series of images of the vortex formed by the single flap of
hydrofoil may be used to develop a three-dimensional understand of the vortex. This
may then be combined with DPIV results for the foil and fish in an attempt to translate
the advantages of the fish motions into the foundations of an artificial propulsion system.
The images presented in Figures 15 and 16 present a series of still images during the
motion of the foil's single flap. In this case the foil presented has an aspect ratio of 3.0.
Appendix B contains the images for the foils with aspect ratios 1.0 and 2.0. Based upon
the frequency of the flap, and the number of images needed to cover the foil's motion,
each row of images in Figures 15 and 16 represents a time spacing of approximately 0.60
seconds, beginning with the first motions detected in the images. The columns show
images taken from different viewpoints. The images in the leftmost column were taken
when the camera was set below the tank, parallel to the foil and perpendicular to its
motion. The second column from the left shows images taken from an isometric view
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above, behind, and to the left of the foil. In the second column from the right, the images
were taken from behind the foil, looking at the trailing edge. In the rightmost column,
the images were taken facing the left, broad side of the foil. While the images from each
viewpoint were taken using a different run of the foil, the images presented in Figures 15
and 16 appear to match up very well in terms of their timing within the overall motion of
the foil.
The shedding of the vortices is shown most clearly in the pictures from the bottom.
Another interesting note is the appearance of streaklines in the broad side images. The
streaklines illuminate the filaments in the vortex, most notably in the third row of Figure
15. The end effects of the foil are also a key feature in the formation of the vortex.
Frequently the vortex rings produced by flapping foils are thought to be fully circular
rings. However, the images below, particular when taken from the trailing edge and the
broad side, show that the vortices are actually more horseshoe-shaped, as seen in Figure
16. They begin their formation as merely extensions of the foil, but the edge effects at
the top and bottom of the foil force the shedding dye, and fluid, to collapse toward the
middle of the foil's span, causing it to become more circular in nature as the vortex's
distance from the foil increases.
Figure 17 shows a comparison of the images from the 1.0, 2.0, and 3.0 aspect ratio foils
upon completion of the single flap. It is important to note the influence of the edge
effects, which tend to dominate the vortex formation. As seen in the foil with aspect ratio
1.0, the vortex that forms nearly collapses upon itself, whereas in the 2.0 and 3.0 cases
the vortices are maintained for a longer period of time.
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Figure 15: Images of the vortex as it forms from a single flap of the hydrofoil. From left to right the
views are from below the foil, an isometric view, a view from the trailing edge, and from the broad
side of the foil.
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Figure 16: Images of the vortex as it is shed by the single flap of the hydrofoiL From left to right the
views are from below the foil, an isometric view, a view from the trailing edge, and from the broad
side of the foil.
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Figure 17: From top to bottom the aspect ratios are 1.0, 2.0, and 3.0. From left to right, the images
are from the bottom, isometric, trailing edge, and broad side. The 2.0 foil does not have a series of
images taken from the broad side.
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Chapter 4
Future Research
As discussed previously, the ultimate goal of this research is to develop a biomimetic
propulsion system which can harness the inherent, natural advantages present in fish, and
in particular, their turning ability. Part of this goal necessitates learning more about fish
motions and observing how they interact with the water environment to produce the
vortex jets that propel them and assist in their turning. At the Massachusetts Institute of
Technology's Experimental Hydrodynamics Laboratory, work is ongoing to perform
DPIV on live giant danio. This work can help to provide a more detailed quantitative
analysis of the vortex structures and formations presented in this paper. Also, the DPIV
results can be matched to the turn choreography and high speed video images to better
understand where the vortices are formed along the fish body and which particular
motions are associated with the vortices.
In addition to performing the same analysis for a variety of species of fish, there are
several other extensions of the current research which are important for the goal of
understanding the fish motions. One possibility is to observe the effects of different
stimuli on the motion of the fish. In the results presented here, the fish was simply placed
into a smaller tank and its turns were recorded and analyzed. In the research of Domenici
and Blake (1991, 1993, 1997) and Domenici, et al. (2004), the turns were instigated by an
artificial stimulus in order to understand fast start motions. The methods used here could
be performed for a wide variety of stimuli in case there are unique behaviors associated
with certain motions and their underlying causes. Additionally, the use of the caudal
peduncle as the endpoint of the body centerline removes the complex motions of the
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caudal fin from the analysis. The caudal fin could be analyzed either independently or in
addition to the body to determine its effects on the vortex formations.
For the visualizations of the vortices formed by the flapping foil there are a number of
different possibilities that can add to the results already presented. First, the same chord-
thickness ratio was used for all of the foils. This could be varied to determine its effects
on the vortices. Due to time constraints, only one frequency, phase between heave and
pitch, and pitch amplitude were used for the single flaps. Examining the vortices using a
variety of parameters will help to form a more complete understanding of how the
vortices appear in an artificial environment, as they might if utilized for biomimetic
propulsion. Also, the foil motions used in this experiment were conducted by beginning
at the minimum heave position and then moving to the maximum heave position before
returning to the minimum. A simple sketch of the motion is shown in Figure 18.
Foil
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Figure 18: Motion of the hydrofoil during the single flap in this experiment.
Foil
2
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Figure 19: Proposed motion for the hydrofoil to examine the directionality of the vortex shedding.
Arrow 1 represents the motion from the minimum to the maximum heave position and
then arrow 2 shows the motion back to the minimum. An alternative, in figure 19, would
be to start the motion at the neutral heave position. Figures 15 and 16 showed the vortex
being shed to the side of the foil, possibly due to the asymmetric nature of the flap. By
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following the motion shown in Figure 19, which is more balanced, it may be interesting
to observe where the vortex travels when it is shed. As in Figure 18, arrow 1 shows the
first motion of the foil. In this case it begins at the neutral heave position, moves to the
minimum, then the maximum, and then returns to the neutral position again.
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Appendix A
Appendix A contains the graphs generated by the high speed video analysis in MATLAB.
They are grouped by Turn number, from 1 through 4. Turn 1 also includes two additional
figures which illustrate the methods used for the curve fitting of raw data for the speed
and angle plots. A summary table also describes the key values noted within Chapter 3:
angle covered by the turn; maximum head speed; maximum tail speed; average center of
mass speed; the convergence speed for the head, tail, and center of mass; and the duration
of stages 1 and 2 of the turn as defined by Domenici, et al. (2004).
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A.1 - Turn 1
Tum 1
Angle Covered by Tum 150°
Maximum Head Speed 0.39 m/s
Maximum Tail Speed 0.40 m/s
Average Cm Speed 0.16 m/s
Stage 1 Time 0.24 s
Stage 2 Time 0.13 s
Body Celin TmlSmodes
I
-50 0 50 100
X Posion. pbS
Body centerline trajectories for Turn 1.
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150 200 250
I0.45
0.4
0.35
0.3
0.25
I 0.2
0.15
0.1
0.05
0
Locations fm Smhd Data
-0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
X Posion (m)
Trajectories of the head, tail, and center of mass.
Time ()
Speed, as calculated for each major body location for each analyzed frame of the turn.
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Head, Tail, and Cm Aceaaton vs Time
Tkm(s)
Accelerations of the head, tail, and center of mass during the turn.
Hed, TaS and Cm Ane Data
Tkr ($)
Angle data for the head, tail, and center of mass.
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.^
Head, Tall and Cm Tuning Rate vs Time
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
TIm (s)
Plots of turning rate formed by taking the derivative of the angle graphs.
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Turn 1 Curve Fitting Examples
Had Speed fom Smoothed Positon Data
0.4
0.
0.3
0.
0.1
0.
0.0
15
Time (s)
The raw speed data was calculated using the numerical derivatives of the raw x-position
and y-position When plotting the x and y values against time, MATLAB's smoothing
function was used. When taking the derivatives of this smoothed position data the
dashed line was the result. This plot still tended to be rough, so the smooth function was
then applied to the speed as a function of time values, generating the solid line seen
above.
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-20X
Heed Ane Dea
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
TnO (s)
To generate the raw head angle data, the smoothed position data, discussed on the
preceding page were used. Realizing that the curve exhibited the properties of a 4th order
polynomial, a 4th order polynomial was applied as the curve fit in MATLAB generating
the solid curve seen above.
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A.2 - Turn 2
Turn 2
Angle Covered by Turn 950
Maximum Head Speed 0.34 m/s
Maximum Tail Speed 0.36 m/s
Average Cm Speed 0.18 m/s
Stage 1 Time 0.15 s
Stage 2 Time 0.11 s
Body Cterline Trajedodes
15 Z ZQ 3zzx 35 X
X Position, pixes
Body centerline trajectories for Turn 2.
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Locations r Snoothed Data
0.04 0.05 0.06 0.07 0.00 0.00 0.1 0.11 0.12
X Pamon(m)
Trajectories of the head, tail, and center of mass.
SPzd
I
rew (a)
Speed, as calculated for each major body location for each analyzed frame of the turn.
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Head, Tail, and Cm Acceleaion vs Time
Time (a)
Accelerations of the head, tail, and center of mass during the turn.
Hed, Til and Cm Ange Data
Time (s)
Angle data for the head, tail, and center of mass.
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A.3 - Turn 3
Angle Covered by Turn 110°
Maximum Head Speed 0.32 m/s
Maximum Tail Speed 0.29 m/s
Average Cm Speed 0.11 m/s
Stage 1 Time 0.22 s
Stage 2 Time 0.13 s
Bodv Centerine Traectores
100 120 140 160 180 200 220 240 260 280 300
X Position, pixls
Body centerline trajectories for Turn 3.
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Turn 3
-40
-60
-80
U,I
I-
-100
-120
-140
I
Start
-160
-180
-200
I
I I
Locaions hfrm nooMthd Date
-. 02
-0.03
-0.05
4.06
0.07
I
X PooUon (m)
Trajectories of the head, tail, and center of mass.
8pd
4
Tm. (s)
Speed, as calculated for each major body location for each analyzed frame of the turn
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Head, Tail, and Cm Accleraion vs Time
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Tne (s)
Accelerations of the head, tail, and center of mass during the turn.
Hea Tal and Cm Pnoe Data
-- 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Thw (s)
Angle data for the head, tail, and center of mass.
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-2
4
-6
A
I
Head, Tal and Cm Turning Rate vs Tnime
Time (s)
Plots of turning rate formed by taking the derivative of the angle graphs.
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A.4 - Turn 4
Tum 4
Angle Covered by Tum 1000
Maximum Head Speed 0.29 m/s
Maximum Tail Speed 0.30 m/s
Average Cm Speed 0.15 m/s
Stage 1 Time 0.17 s
Stage 2 Time 0.16 s
Body Cyoe Tr4sdc
100 150
X PoIto pnil
250
Body centerline trajectories for Turn 4.
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-180
-180
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-220
-240
-200
-280
-300
-320
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/
1!
!III
-- ---~ 0
S 4*
%l &0 t
I
I
0.02 0.03 0,04 0,05 0.06 0,07
X Poton (in)
0.06 0.09 0.1 0.11
Trajectories of the head, tail, and center of mass.
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Tkw (s)
0.4
Speed, as calculated for each major body location for each analyzed frame of the turn.
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-006
-0.07
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-0.11
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II
!
{- - - -- -I 1 _ j
I
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Head, Tl, and Cm Acelertion vs Time
Tkm (S)
Accelerations of the head, tail, and center of mass during the turn.
Hea, Tal and Cm Ano Data
0 0.05 0.1 0.15 0.2 0.25 0.3 0.36
Tm ()
Angle data for the head, tail, and center of mass.
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Heed, Tll and Cm Tuning Rate vs Timne
U U.U0 U.1 U.15 U.2 0.25 0.3 0.35 0.4
Time ()
Plots of turning rate formed by taking the derivative of the angle graphs.
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Appendix B
Appendix B contains the images from the fluorescent dye visualizations performed in the
same manner as described in Chapter 2.
53
B.1 - Aspect ratio = 1.0
First half of flap
Images of the vortex as it forms from a single flap of the hydrofoil From left to right the views are
from below the foil, an isometric view, a view from the trailing edge, and from the broad side of the
foil.
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Second half of flap
Images of the vortex as it is shed by the single flap of the hydrofoiL From left to right the views are
from below the foil, an isometric view, a view from the trailing edge, and from the broad side of the
foil.
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B.2 - Aspect ratio = 2.0
First half of flap
Images of the vortex as it forms from a single flap of the hydrofoil. From left to right the views are
from below the foil, an isometric view, a view from the trailing edge, and from the broad side of the
foil.
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Second half of flap
Images of the vortex as it is shed by the single flap of the hydrofoil. From left to right the views are
from below the foil, an isometric view, a view from the trailing edge, and from the broad side of the
foil.
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B.3 - Aspect ratio = 3.0
First half of flap
58
Images of the vortex as it forms from a single flap of the hydrofoil. From left to right the views are
from below the foil, an isometric view, a view from the trailing edge, and from the broad side of the
foil.
I
Second half of flap
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Images of the vortex as it is shed by the single flap of the hydrofoil. From left to right the views are
from below the foil, an isometric view, a view from the trailing edge, and from the broad side of the
foil.
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